The master circadian clock located within the hypothalamic suprachiasmatic nucleus (SCN) is necessary for the circadian rhythm of glucocorticoid (GC) release. The pathways by which the SCN sustains rhythmic GC release remain unclear. We studied the circadian regulation of cortisol release in the behaviorally split golden hamster, in which the single bout of circadian locomotor activity splits into two bouts approximately12 h apart after exposing the animals to constant light conditions. We show that unsplit control hamsters present a single peak of cortisol release that is concomitant with a single peak of ACTH release. In contrast, split hamsters show two peaks of cortisol release that are approximately12 h appart and are appropriately phased to each locomotor activity bout but surprisingly do not rely on rhythmic release of ACTH. Our results are consistent with a model in which the circadian pacemaker within the SCN regulates the circadian release of GC via input to the hypothalamo-pituitary-adrenal axis and via a second regulatory pathway, which likely involves sympathetic innervation of the adrenal and can operate even in the absence of ACTH circadian rhythmic release. Furthermore, we show that although the overall 24-h cortisol output in split hamsters is lower than in unsplit controls, split hamsters release constant low levels of ACTH. This result suggests that the timing, rather than the absolute amount, of cortisol release is more critical for the induction of negative feedback effects that regulate the hypothalamopituitary-adrenal axis. (Endocrinology 153: 732-738, 2012) V irtually all organisms have circadian clocks (or pacemakers) functioning as endogenous timekeeping mechanisms that drive daily biological rhythms. Under natural conditions, circadian (ϳ24 h) pacemakers entrain to 24-h exogenous cycles (such as the light-dark cycle), harmonizing daily physiological and behavioral processes with the external environment. In mammals, the master circadian clock within the hypothalamic suprachiasmatic nucleus (SCN) coordinates the precise timing of daily biological rhythms through neural and humoral outputs to other brain regions and extra-SCN circadian clocks (1).
V
irtually all organisms have circadian clocks (or pacemakers) functioning as endogenous timekeeping mechanisms that drive daily biological rhythms. Under natural conditions, circadian (ϳ24 h) pacemakers entrain to 24-h exogenous cycles (such as the light-dark cycle), harmonizing daily physiological and behavioral processes with the external environment. In mammals, the master circadian clock within the hypothalamic suprachiasmatic nucleus (SCN) coordinates the precise timing of daily biological rhythms through neural and humoral outputs to other brain regions and extra-SCN circadian clocks (1) .
One critical process regulated by the SCN is the circadian release of glucocorticoids (GC) from the adrenal cortex (2) . Circadian GC release exhibits a peak near the onset of locomotor activity, preparing the organism for the increased energetic demands of wake relative to sleep.
When golden hamsters (Mesocricetus auratus) are housed under constant light conditions (LL), the circadian locomotor activity pattern of approximately 60% of the animals will split into two bouts of locomotor activity approximately 12 h apart. Each of these peaks presumably represents the independent outputs of the asymmetrically active bilaterally paired left and right SCN (3) . This model has been used to delineate pathways underlying the circadian regulation of the preovulatory LH surge (4, 5) . To our knowledge, however, no studies have used the split hamster model to elucidate regulatory pathways by which the circadian system controls GC release.
The first potential regulatory branch controlling circadian GC release is via the hypothalamic-pituitary-adrenal (HPA) axis. In this branch, SCN efferents directly (6) and indirectly (7) regulate CRH-containing cells in the para-ventricular nucleus. These neurosecretory cells subsequently release CRH, which induces the release of ACTH from the anterior pituitary gland, which in turn, triggers the release of GC from the adrenal cortex.
Recent evidence suggests there is potentially another regulatory branch governing circadian GC release (8) . In the mouse, light induces the release of corticosterone without a corresponding rise of plasma ACTH. This light-induced corticosterone release is dependent on an intact SCN and innervation of the adrenal by the thoracic splanchnic nerve (9) . In line with these results, tract tracing studies in the rat demonstrate a putative multisynaptic neural pathway between the SCN and the adrenal cortex (10) .
Finally, SCN coordination of the phase of a circadian clock within the adrenal gland is also implicated in circadian GC release. Adrenal gland-specific circadian clock knockdown mice exhibit dampened circadian oscillations of corticosterone (11) . Interestingly, circadian clocks of the left and right adrenal glands in split hamsters oscillate in antiphase, mirroring the activity of the SCN and suggesting the phase of the adrenal circadian clock is regulated through neural pathways instead of systemically released humoral factors such as ACTH (12) .
The current study exploited the split hamster to test the hypothesis that the circadian release of GC is the result of the integration of SCN-adrenal communication via the following: 1) a multisynaptic neural pathway and 2) the HPA axis.
Materials and Methods

Animals and monitoring of locomotor activity
Male golden hamsters were purchased from Charles River Laboratories (Wilmington, MA) and used in accordance with regulations established by the University of Washington Institutional Animal Care and Use Committee. Animals were 30 d old upon their arrival and individually housed under LL (ϳ250 lux). Animals were provided with food and water ad libitum, which was restocked randomly, and wheel-running locomotor activity was continuously monitored via ClockLab software (Actimetrics, Wilmette, IL). After 2 months under LL, approximately 67% of the hamsters exhibited stable behavioral splitting of locomotor activity as determined by visual inspection of actograms. The remaining unsplit hamsters were used as control animals.
Surgeries
Animals were anesthetized and implanted with jugular catheters. Briefly, the right external jugular vein was exposed and SILASTIC brand (Dow Corning Corp., Midland, MI) tubing (inner diameter ϫ outer diameter: 0.020 ϫ 0.037) was inserted into the vessel until the end reached the right atrium. The tubing was stitched to the vein with two nylon sutures to hold its position. An exit site for the cannula was created in the scapular region of the animal by sc tunneling with a 16-gauge needle. The catheter was then filled with heparinized saline (20 U/ml) and sealed with the tip of a 22-gauge needle that had been filled with SILASTIC glue (Dow Corning). Animals were allowed to recover from the surgery for 3-5 d before blood collection.
Blood collections
Blood was serially collected from unstressed animals to generate complete 24-h hormone profiles of plasma cortisol and ACTH. In the group of hamsters used for cortisol measurements (n ϭ 8 control; n ϭ 6 split), 25 l of blood were collected every hour for a total of 23 h. In the group of animals used for ACTH measurements (n ϭ 6 control; n ϭ 8 split), 250 l of blood was collected every 3 h for 21 h. After each blood draw, the volume was replaced 1:1 (25 and 250 l for cortisol and ACTH collections, respectively) with warm (37 C) saline. Potential cortisol and ACTH release in response to the stress of the sampling procedure was controlled in several ways. First, the start of sampling for each individual hamster varied relative to the individual's onset of wheel-running activity; thus, peaks in hormone levels that correlated with activity onsets were not due to the initiation of the blood collections. Second, animals underwent mock collection procedures at least three times per day for 1-2 d before collection to acclimate the animals to frequent human handling. Third, all samples were collected within 3 min of removing the animals from their home cages. In split animals, the asymmetry between the length of each of the two activity bouts (if any) was not taken into account for the bleeding schedule because this asymmetry bears no relationship to which side of the SCN (left or right) is responsible for each bout (3). Blood was collected in cold EDTA-treated syringes for ACTH assays and heparintreated syringes for cortisol assays. After blood collection, plasma was isolated by centrifuging at 4 C and 2000 ϫ g for 15 min and stored at Ϫ80 C until conducting hormone assays.
Determining plasma cortisol and ACTH concentrations
Although hamsters are dual secretors of both corticosterone and cortisol, the release of cortisol shows a higher amplitude circadian rhythm (13, 14) , and cortisol is clearly a more potent regulator of energy homeostasis in this species (15) . Plasma cortisol concentrations were determined in triplicate with a cortisol express enzyme immunoassay kit (Cayman Chemical, Ann Arbor, MI) in accordance with the manufacture's protocol. This assay has minimal cross reactivity (0.14%) with corticosterone. Samples were run at 1:50 dilution. Inter-and intraassay coefficients of variability were 11.57 and 11.86%, respectively. Plasma ACTH concentrations were determined by RIA according to previously established methodology (16) . Antibody directed against rat ACTH (Rb7) was acquired as a generous gift from Dr. Bill Engeland (University of Minnesota, Minneapolis, MN). Briefly, plasma and a serial dilution of rat ACTH 1-39 standards (Bachem, Torrance, CA) were exposed to ACTH antibody (1:120,000 antibody in phosphate buffer with EDTA, Triton X-100, aprotinin, BSA, and blue food coloring, which does not interfere with assay and helps with keeping track of the pipetting sequence) overnight at 4 C. Then 125 I-labeled ACTH 1-39 (DiaSorin, Stillwater, MN) was added to a final concentration of 25 cpm/l per reaction and allowed to incubate over-night at 4 C. On the third day of the assay, goat antirabbit IgG secondary antibody and normal rabbit serum (Peninsula Laboratories) were added to the reaction and incubated for 4 h at 4 C, after which separation buffer (phosphate buffer with EDTA and 99.9% protease free BSA) was added to the reaction and centrifuged at 4 C for 25 min at 2500 rpm. The supernatant was then aspirated and the remaining pellets were counted in duplicate on a ␥-counter (Wizard 1470 automatic ␥-counter; PerkinElmer, Waltham, MA) for 10 min each. Serially diluted ACTH standards were used to generate a four-parameter logistic standard curve via AssayZap software (Biosoft, Cambridge, UK) from which unknown concentrations were calculated. Inter-and intraassay coefficients of variability were 6.28 and 5.17%, respectively. Areas under the curve for complete cortisol and ACTH 24-h outputs were relatively quantified in Photoshop (Adobe, San Jose, CA) by using the magic wand tool, which returns a pixel number for each area.
Statistics
Plasma hormone concentrations were log transformed to obtain homogeneity of variance as determined by Fligner and Bartlett's tests, and statistical differences were then determined by ANOVA. For hormone profiles, the effect of time was determined by one-way ANOVA. Interaction of treatment (control or split) and time were determined by two-way ANOVA. Repeatedmeasure ANOVA was not used because a subset of hamsters lacked a complete 24-h profile (the minimum number of samples for any single time point was 4; see figure legends for details). Specific differences were determined by planned comparisons between split and controls for each individual time point.
Results
Circadian release of cortisol exhibits two peaks in behaviorally split hamsters
After serially bleeding behaviorally split and unsplit hamsters housed in LL, plasma cortisol profiles were determined for each individual (Fig. 1A) . Over a 24-h period, split hamsters exhibited two phases of elevated plasma cortisol, each preceding one of the two projected onsets of wheel-running activity. In contrast, control unsplit hamsters exhibited a single peak in plasma cortisol before the onset of wheel-running activity. Figure 2A shows mean plasma cortisol for all split and unsplit hamsters. There was an effect of sample time on plasma cortisol levels in both groups as assessed by one-way ANOVA for control [F (23) Post hoc analysis showed split hamsters had a lower cortisol peak before one of the two bouts of locomotor activity, compared with the single cortisol peak observed in control animals. Additionally, split hamsters exhibited a second significant elevation of plasma cortisol 10 -12 h after one of the locomotor activity onsets, which was also just before the onset of the other locomotor activity bout. Furthermore, the area under the curve for hamsters with a complete 24-h profile demonstrates a significant reduction of the overall 24 h cortisol output in split hamsters relative to controls [t (5.95) ϭ 2.47, P Ͻ 0.05].
Plasma ACTH is not concomitantly elevated with cortisol in split hamsters
To test potential mechanisms regulating the dual peaks of cortisol in split hamsters, we repeated the above experiment but collected blood every 3 h for a total duration of 24 h to create plasma ACTH profiles from split (n ϭ 8 and 6 -8 samples per time point) and unsplit control (n ϭ 6 animals and 4 -6 samples per time point) hamsters (Figs. 1B and 2B). The sampling frequency was reduced to eight time points because a larger volume of plasma (100 l) was required to assay ACTH. However, the 3-h sampling frequency is well within the minimum Nyquist frequency (one third of period) to detect an approximately 12 h oscillation (17) . As illustrated in Fig. 1B , unsplit control hamsters displayed a single peak in plasma ACTH, occurring before the onset of locomotor activity, as seen for plasma cortisol in the first experiment. In contrast, split hamsters exhibited no significant elevation in plasma ACTH at any time (Fig. 1B) . One-way ANOVA revealed an effect of time on plasma ACTH in control [F (7) ϭ 4.61, P Ͻ 0.001] but not in split [F (7) ϭ 1.15, P ϭ 0.346] hamsters (Fig. 2B) . Two-way ANOVA, with group (split/ unsplit) and time as factors, revealed a significant interaction [F (1, 7) ϭ 2.47, P ϭ 0.02] but no significant effect of group [F (1) ϭ 1.53, P ϭ 0.21]. Post hoc analysis revealed control hamsters had significantly higher ACTH levels at the onset of locomotor activity. Although the two-way ANOVA yielded no effect of group, analysis of area under the curve showed there was a decrease in the overall 24-h ACTH output of split relative to control hamsters [t (8.18 ) ϭ 2.2611, P ϭ 0.05].
Discussion
The circadian release of GC was characterized as an SCNdependent rhythm 4 decades ago (2), yet the pathways by which the master circadian clock regulates circadian GC release remain unknown. We show LL-housed hamsters that display a single approximately 24-h locomotor activity rhythm also display a single peak of cortisol release that is concomitant with ACTH release. Conversely, LLhoused hamsters that behaviorally split show two corresponding peaks of cortisol approximately 12 h apart, which are independent of circadian rhythmic ACTH release. These results suggest that the circadian release of cortisol is the result of the dual contribution of ACTH and non-ACTH regulatory pathways.
Two master clocks for physiology and behavior
Splitting in the hamster is the result of antiphase oscillations of the left and right SCN (3). Here we demonstrate that these antiphase circadian pacemakers can sustain two rhythms of cortisol release that are 180°out of phase. This finding is consistent with previous work in which behaviorally split female hamsters display LH surges approximately 12 h apart (4) . Collectively, these data suggest circadian endocrine rhythms in general might show a dual oscillatory pattern in behaviorally split hamsters. Furthermore, core body temperature rhythms in the split hamster also show an approximately 12-h oscillation (18) . To our knowledge, no circadian outputs studied in behaviorally split hamsters have escaped the approximately 12-h mod-
FIG. 2.
Mean plasma cortisol and ACTH 24-h profiles from control and split hamsters. A, Twenty-four-hour plasma cortisol of control (blue; n ϭ 6 -8) and split (red; n ϭ 4 -6) hamsters. B, Twenty-fourhour plasma ACTH of control (blue; n ϭ 4 -6) and split (red; n ϭ 6 -8) hamsters. Onset of wheel-running activity is indicated by dotted line. Data are shown as mean Ϯ SEM. *, P Ͻ 0.05 vs. control.
ulation by the left and right SCN, indicating the neural and peripheral targets that produce these outputs remain responsive to~12-h signals emerging from the master circadian pacemaker. Together, these results provide strong evidence, from a neurologically, genetically, and pharmacologically intact animal model, for the unequivocal preeminence of the SCN in the regulation of rhythmic, physiological and behavioral processes and for an unparalleled localization of function in the brain. Importantly, work by Kalsbeek et al. (19, 20) indicates the SCN may send signals that stimulate or inhibit GC release, depending on the time of the day. Thus, the two antiphase-oscillating SCN in the split hamster could respectively and simultaneously send inhibitory and stimulatory signals to the adrenal glands. This idea is supported by the fact that within each SCN of the split hamster two subsets of neurons also oscillate in antiphase (21, 22) .
Although the split master circadian clocks can time a multiplicity of rhythms to an approximately 12-h period, the pathways by which they do so depend on the specific circadian rhythm examined. Locomotor activity rhythms rely on diffusible factors released by the SCN (23). In contrast, the circadian regulation of cortisol, corticosterone, LH, and melatonin release relies on synaptic connections of SCN efferent fibers on specific neural targets (14) . The regulation of the LH surge in split female hamsters is associated with the activation of the left-or right-sided GnRH network by ipsilateral SCN efferents, likely involving direct and indirect synaptic connections with GnRH neurons (5, 24 -26) . In the split female hamster, these connections presumably lead to the approximately 12-h activation of the hypothalamo-pituitary-gonadal axis. In contrast, the dual cortisol peaks we describe cannot be explained by the approximately 12-h activation of the HPA axis. Split hamsters show no significant rise in plasma ACTH corresponding with the two elevations in cortisol. In the mouse, light-induced corticosterone release has been shown to occur without a concomitant increase in ACTH and is abolished by SCN lesions as well as by removing sympathetic input to the adrenal via splanchnic denervation (9) .
Our results in the split hamster suggest this neural pathway from the SCN to the adrenal could contribute to the circadian release of cortisol without the intervention of rhythmic ACTH input. Such a neural pathway could drive circadian cortisol release by direct stimulation of adrenal cortical cells or by modulating adrenal sensitivity to ACTH (27) (Fig. 3) . Recent evidence indicates the adrenal peripheral clock locally regulates the amplitude of circadian GC release (11) , and it is conceivable that SCN signals relayed through the splanchnic nerve may set the phase of the adrenal clock, which in turn may sustain a rhythm in GC synthesis and release. In striking support of this model, circadian expression of Period1 (Per1), a genetic component of the molecular circadian clock, in the left and right adrenal cortex, and particularly the adrenal medulla, of the split hamster oscillate in antiphase, mirroring the expression of Per1 in the SCN (12) . Although it is not clear what the role of medullary Per1 expression could be, it may also modulate glucocorticoid synthesis and release by the cortex. In summary, circadian GC release is likely the result of combined SCN input to the adrenal through the HPA axis and the sympathetic nervous system (Fig. 3) . This latter pathway could directly influence GC synthesis and release and/or impose a rhythm in sensitivity to ACTH. Although evidence for a role of sympathetic innervation on the regulation of GC release has been previously described (9, 27, 28) , our study is the first to suggest its involvement in circadian GC release in the absence of rhythmic ACTH release. The dual regulation of circadian GC release by the HPA axis and sympathetic innervation could represent a mechanism that assures proper phase and amplitude of circadian GC release. Furthermore, each pathway's contribution could change under different conditions. For instance, sympathetic innervation could be more prominent in split than unsplit hamsters and therefore sufficient to sustain a circadian rhythm of GC release in the absence of an ACTH rhythm.
Cortisol negative feedback is likely altered in split hamsters
Our study demonstrates behaviorally split hamsters show two peaks of cortisol release; however, their overall 24-h cortisol output is reduced compared with unsplit control animals. Despite the observed overall reduction in plasma cortisol, we hypothesize the bimodal pattern of cortisol release leads to increased negative feedback, reducing the levels of ACTH and the general drive of the HPA axis. Because we observed a diminished total 24-h cortisol and ACTH output in split hamsters compared with unsplit animals, we hypothesize that the timing of release, not the absolute amount of cortisol per se, may represent a more critical signal to increase negative feedback. Alternatively, the antiphase oscillation of the left and right SCN in the split hamster could lead to changes in pulsatile release of ACTH that are undetected by our sampling frequency (29) ; a recent study has shown that exogenously administered ACTH induces corticosterone release only if administered at a pulsatile but not at a constant rate (30) . Finally, we did not measure corticosterone in our study. Although the circadian regulation of both cortisol and corticosterone is similar in golden hamsters, the rhythm of cortisol secretion has higher amplitude in intact animals (13, 14) . On the other hand, chronic stress in the hamster has been shown to increase cortisol but not corticosterone (31). We do not think this differential stress-induced regulation of both GC is relevant to our results because unsplit hamsters in our study show similar peak levels of cortisol as hamsters housed under 14-h light, 10-h dark cycles (13) ; future studies should determine whether corticosterone is regulated similarly to cortisol in the split hamster and whether negative feedback is indeed increased by the bimodal secretion of GC.
Our results in a neurologically and genetically intact animal support a model in which the circadian release of GCs is the result of the dual contribution of ACTH and non-ACTH regulatory branches emerging from the master circadian pacemaker located in the SCN. Furthermore, our data suggest the negative feedback systems regulating GC release may be more sensitive to the timing of glucocorticoid release than to the absolute levels of circulating GCs.
